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Optomechanical systems are suitable systems to elucidate quantum phenomena at the macroscopic
scale. The systems should be well isolated from the environment to avoid classical noises, which
conceal quantum signals. Optical levitation is a promising way to isolate optomechanical systems
from the environment. In order to realize optical levitation, all degrees of freedom need to be
trapped. So far, longitudinal trapping and rotational trapping with optical radiation pressure have
been well studied and validated with various experiments. On the other hand, less attention has been
paid to transversal trapping. Here, we experimentally confirmed transversal trapping of a mirror of
a Fabry-Pe´rot cavity for the first time by using a torsional pendulum. By this demonstration, we
proved experimentally that optical levitation is realizable with only two Fabry-Pe´rot cavities that
are aligned vertically. This work paves the way toward optical levitation and realizing a macroscopic
quantum system.
I. INTRODUCTION
Quantum mechanics is an established theory in mod-
ern physics. However, no experiment has shown quantum
phenomena of a massive object, and it is not fully under-
stood what makes classical systems classical. Thus, there
are active discussions about whether quantum mechanics
breaks at some mass scale or not. One possible scenario
is that quantum mechanics is valid over all scales, but
macroscopic systems tend to couple strongly to the envi-
ronment. This interaction between the macroscopic sys-
tems and the environment causes thermal decoherence.
As a result of this thermal decoherence, the systems lose
their quantumness. Other scenarios are that quantum
mechanics have to be modified or include gravitational
effects. For example, the Continuous Spontaneous Lo-
calization model [1] is a new theory that modifies quan-
tum mechanics by adding a collapse mechanism. Gravi-
tational decoherence is also one of the decoherence mod-
els [2, 3].
These discussions lead to a demand for the realization
of a macroscopic quantum system to test such proposed
models. In addition to the discussion about the deco-
herence mechanism, the effect of the gravity matters in
a macroscopic quantum system. Thus, a macroscopic
quantum system can be a platform to experimentally elu-
cidate quantum gravity and ultimately lead to the uni-
fication of the theories of gravity and quantum mechan-
ics [4–9].
Recent progress in experimental techniques gives us a
good chance to realize a macroscopic quantum system. In
particular, optomechanical systems have been attracting
growing attention as a promising candidate for macro-
scopic quantum systems. In an optomechanical system,
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FIG. 1. Degrees of freedom used in this paper. The longitu-
dinal direction is the direction in which we measure the dis-
placement of the oscillator with laser beams. The transversal
direction is defined to be transverse to the longitudinal direc-
tion.
a mechanical oscillator couples to an optical field, and we
can measure the displacement of the oscillator precisely
by utilizing interferometry of the optical field. The sen-
sitivity is so high that it can reach the quantum regime.
So far, below nanogram scales, several systems are re-
ported to reach quantum regime [10–12] in the sense that
they hit the standard quantum limit. Though there are
also experimental efforts with even heavier mechanical
oscillators in the range of micrograms to kilograms, no
experiments have yet succeeded in preparing their sys-
tems into reaching quantum regimes [13–20]. As an os-
cillator gets massive, thermal decoherence due to the me-
chanical structure to support the oscillator prevents the
system from reaching quantum regime. In other words,
thermal noise conceals the quantum signal in the massive
oscillators.
Among efforts on getting high mechanical quality fac-
tor to lower the thermal noise, optical levitation is an
alternative way to eliminate thermal noise from mechan-
ar
X
iv
:2
00
7.
01
63
0v
1 
 [q
ua
nt-
ph
]  
3 J
ul 
20
20
2ical support. By supporting a mirror just by the radia-
tion pressure of laser lights, mechanical structures that
introduces thermal noise can be avoided.
A widely used method to levitate an object is to employ
optical tweezers [21–26]. Optical tweezers use optical gra-
dient force. Thus, levitated objects have to be inside a
highly focused laser beam. Therefore, the size of the lev-
itated objects with optical tweezers are so far limited to
the nanogram-scale. An alternative way to levitate more
massive objects is to levitate a highly reflective mirror by
the radiation pressure of laser light [27–29].
For any type of optical levitation, stable trapping of
all degrees of freedom of the mirror is necessary. Here,
the direction in which we measure the displacement of
the oscillator is called the longitudinal direction, and
the transversal direction is defined to be transverse to
the longitudinal direction, as shown in Fig. 1. In previ-
ous researches, longitudinal and rotational trapping with
optical radiation pressure were well studied and tested
with experiments. For longitudinal trapping, the optical
spring effect is often utilized [30, 31]. Radiation pressure
in a Fabry-Pe´rot cavity behaves like a spring at a detuned
point. As for rotational degrees of freedom, it is known
that the rotational motion of a suspended Fabry-Pe´rot
cavity is unstable due to the radiation pressure inside the
cavity. This is called Sidles-Sigg instability [32]. We can
avoid Sidles-Sigg instability by using a triangular cavity,
and several experiments have already utilized triangular
cavities to stabilize their suspended mirrors [14, 15, 33].
As an alternative way, Sidles-Sigg instability can be mit-
igated by angular feedback control with optical radiation
pressure [34, 35].
On the other hand, transversal trapping for a disk
mirror has not been fully examined experimentally. Al-
though some configurations for stable optical levitation
were proposed [27–29], they have not been experimen-
tally realized. In the configuration proposed in Ref. [27],
two horizontal laser beams are introduced as optical
tweezers to trap the levitated mirror in the horizontal di-
rection. In Ref. [28], they proposed to build three Fabry-
Pe´rot cavities in a tripod form below the levitated mir-
ror. Since the Fabry-Pe´rot cavities are slightly inclined
from the vertical axis, the optical springs can trap the
horizontal motion of the levitated mirror. In Ref. [29],
the levitated mirror is sandwiched by two Fabry-Pe´rot
cavities aligned vertically. The horizontal motion of the
levitated mirror is trapped by making use of the geome-
try of the Fabry-Pe´rot cavities.
In this paper, we show our first experimental demon-
stration of the optical transversal trapping of a mirror.
Our system utilizes a torsional pendulum as a force sensor
to measure the optical trapping force acting on a mir-
ror. Here, we consider the sandwich configuration [29]
because the sandwich configuration employs a transver-
sal restoring force due to the optical radiation pressure in
the Fabry-Pe´rot cavities aligned vertically as explained in
more detail in the next section. We conducted measure-
ments to evaluate the horizontal restoring force on the
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FIG. 2. Schematic of the sandwich configuration and its sta-
bility. A levitated mirror is literally sandwiched by two cavi-
ties. The radiation pressure of the lower cavity supports the
levitated mirror, whereas the upper cavity stabilizes the lev-
itated mirror. (a) Balanced state. The red line indicates the
laser beam in the upper cavity, while the blue line indicates
the laser beam in the lower cavity. Each mirror has curvature,
and the dotted lines shows the radii of the curvatures. (b) Ro-
tational motion of the levitated mirror. The gravity produces
the restoring torque on the levitated mirror. (c) Transversal
motion of the levitated mirror. The inclined laser beam gives
the restoring force on the levitated mirror.
mirror in a Fabry-Pe´rot cavity to show that the Fabry-
Pe´rot cavity gives significant positive restoring force.
II. SANDWICH CONFIGURATION
The sandwich configuration is a levitation configura-
tion proposed in Ref. [29]. Two Fabry-Pe´rot cavities
are built above and below a levitated mirror as shown
in Fig. 2. The lower cavity produces radiation pressure
that support the levitated mirror, while the upper cavity
is introduced to stabilize the levitated mirror.
To realize levitation, the levitated mirror must be sta-
ble in all degrees of freedom, which are (x, y, z) for po-
sition and (α, β, γ) for rotation, where α, β and γ are
the rotation angle around x, y and z axes, respectively.
Here, we set the origin of the coordinates to the center
of the curvature of the levitated mirror, with the z-axis
being vertical. Since the sandwich configuration is sym-
metric in the z-axis, it is enough to consider the motion
in (x, z, β) for the stability.
For stable levitation, all restoring force in each degrees
of freedom must be positive. Let (δFx, δFz, δNβ) rep-
resent the restoring forces and the restoring torque cor-
responding to the small displacement (δx, δz, δβ). The
linear response matrix, K, is given in the diagonalized
form by
K =
 KhorL +KhorU 0 00 KoptL +KoptU 0
0 0 mgR
 , (1)
where (δFx, δFz, δNβ) = K(δx, δz, δβ). Therefore, we
can consider the stability of each degrees of freedom sep-
arately.
3In the vertical direction, z, the levitated mirror can be
trapped by double optical springs [30]. KoptL and K
opt
U
in Eq. (1) represent spring constants due to the optical
spring of the lower and upper cavities, respectively.
As for the β rotational direction, the levitated mirror is
trapped with gravitational potential like an ordinary sus-
pended pendulum when the mirror is convex downwards
as shown in Fig. 2. Accordingly, the spring constant can
be expressed as mgR where m is the mass of the levi-
tated mirror, g is the gravitational acceleration and R is
the radius of curvature of the mirror.
The stability in the horizontal direction, x, is nontriv-
ial as it is due to the geometrical configuration. When
the levitated mirror moves slightly in the horizontal di-
rection, the optical paths in the cavities incline. The
inclined radiation pressure of the cavities provides restor-
ing force in the horizontal direction. In the Fourier do-
main, the spring constant for horizontal direction, KhorJ ,
is given by
KhorJ = k
hor
J + iωγ
hor
J
= ± 1
aJ
2PJ
c
[
1− iω pilJFJc(1−GJ)
]
, (2)
where aJ is the distance between the center of curvatures,
PJ is the intracavity power, FJ is the cavity finesse, lJ
is the cavity length and c is the speed of light. J = U,L
indicates the upper or lower cavity. GJ is defined as
GJ = (1 − lJ/RJ)(1 − lJ/R). The sign is positive for
the upper cavity and negative for the lower cavity. We
focus on khorJ because the damping term, γ
hor
J , is neg-
ligible with realistic parameters aimed at reaching the
standard quantum limit [29]. The intracavity power in
the lower cavity must be larger than that in the upper
cavity in order to support the levitated mirror. Neverthe-
less, the total restoring force can be positive if we adopt
an enough small aU. This horizontal trapping scheme is
unique to the sandwich configuration and had not been
demonstrated experimentally.
III. EXPERIMENTAL METHOD
Our purpose of the experiment is to demonstrate the
trapping of a mirror in the horizontal direction with the
sandwich configuration. The trapping is realized if the
sandwich configuration gives a positive restoring force to
the levitated mirror. Therefore, we need to evaluate the
restoring force in horizontal direction precisely.
In order to detect restoring force due to the sandwich
configuration, we utilized a torsional pendulum as a force
sensor as shown in Fig. 3. A mirror is attached to the
edge of the torsional pendulum; we treat this mirror as
the levitated mirror in the sandwich configuration, and
build a cavity with this mirror. Restoring force on the
mirror is reflected in the restoring torque of the torsional
pendulum. We note that the rotational motion of the
pendulum and the horizontal motion of the mirror are
identical for the mirror if the displacement of the mo-
tion is small compared to the length of the pendulum
bar. Since a torsional pendulum generally has a small
restoring force, it is sensitive to an extra restoring force,
which comes from the optical trapping force in the sand-
wich configuration in our case. In addition, we can omit
the lower cavity of the sandwich configuration in this
experiment because the restoring force in the horizontal
direction is given by the upper cavity and the torsional
pendulum supports the mirror against gravitational force
instead of the lower cavity.
The extra applied restoring force on the pendulum due
to the sandwich configuration is reflected on the shift
in the resonant frequency of the pendulum. The spring
constant from the extra force can be expressed as
kext =
2piI
L2
(f2eff − f20 ), (3)
where I is the moment of inertia of the pendulum, f0 is
the original resonant frequency of the pendulum, feff is
the resonant frequency of the pendulum when the extra
force is applied and L is the distance between the sus-
pension point of the pendulum bar and the beam spot
position on the mirror. We derived the restoring force
due to the sandwich configuration by measuring the res-
onant frequency shift according to Eq. (3).
The resonant frequency of the pendulum is determined
by measuring the open-loop transfer function of the pen-
dulum control. The torsional motion of the pendulum is
monitored with an optical lever. The optical lever beam
at the wavelength of 850 nm was injected to the center
of the pendulum, where an aluminum mirror is attached,
and the position of the reflected beam is read out with
a position sensitive detector. The torsional mode of the
pendulum is feedback controlled by applying differential
signals to coil-magnet actuators attached on both arms of
the pendulum. With the feedback control, the horizontal
motion of the mirror is stabilized to 1.3 µm in the root
mean square value, which is enough to form a cavity.
The pendulum is designed to have a small restoring
force to be a sensitive force sensor. The moment of inertia
of the pendulum is I = 7.2 × 10−6 kg m2 and the mass
of the pendulum is 8.8 g. A small moment of inertia is
better because the susceptibility of the pendulum will be
larger. Therefore, we used a quarter-inch mirror on the
edge of the pendulum to reduce the moment of inertia
and used a thin aluminum pole for the arm. The length
of the pendulum bar is 2L = 17 cm. The suspension wire
length is 105 mm and the radius of the wire is 20 µm. We
have to reduce the restoring force in the pendulum itself
to detect the tiny extra restoring force on the pendulum,
so we chose an ultra thin tungsten wire. Thanks to its
tensile strength, this thin wire can suspend the pendulum
while keeping the restoring force small enough.
The cavity is illuminated by a laser beam at the wave-
length of 1550 nm. The maximum output power of the
laser source is 2 W. The radii of curvature of the pendu-
lum mirror and the input mirror are both 75 mm. The
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FIG. 3. (a) Experimental setup. The cavity is built on the edge of the torsional pendulum. The horizontal rotation of the
torsional pendulum is read out with an optical lever. The torsional pendulum and the cavity are in the vacuum chamber, and
the laser beam is introduced through an optical fiber. EOM: electro-optic modulator, PZT: piezoelectric transducer. (b) The
torsional pendulum. The quarter-inch mirrors are put on the edges of the bar. The aluminum mirror attached on the center of
the bar is used for the optical lever. The bar is suspended with a 105 mm wire. The pendulum is a double pendulum to isolate
the system from seismic motion, and the intermediate mass is suspended with 76.6 mm wires. Two neodymium magnets are
attached on the both arms 35 mm apart from the center of the bar for coil-magnet actuators.
distance between the center of curvatures was measured
to be aU = 8.9 ± 0.8 mm from transverse mode spacing
measurements. The finesse of the cavity was measured
to be 880± 90. The cavity length is stabilized to the res-
onance using a piezoelectric actuator attached on the in-
put mirror. We used the Pound-Drever-Hall method [36]
to obtain the error signal for the cavity length control.
We injected different input power to the cavity to see the
power dependence of the trapping force.
The setup needs to be isolated from environmental dis-
turbances to keep the cavity on the resonance stable and
to measure the transfer function precisely. The setup is
in vacuum at the level of 1 Pa to prevent air turbulence.
The pendulum is a double pendulum; the intermediate
mass is suspended with three wires and has strong eddy-
current damping introduced by surrounding neodynium
magnets to minimize translational fluctuation.
IV. RESULT AND DISCUSSION
We measured the transfer function of the pendulum,
which is shown in Fig. 4. Around the resonant frequency,
the phase of the transfer function flips, so it can be de-
termined. The result shows that the resonant frequency
of the pendulum itself was 32.2±1.1 mHz. The resonant
frequency shifted to 43.5± 0.4 mHz when the cavity cir-
culated light with a power of 29.7± 8.0 W. The shift of
the resonant frequency indicates an additional positive
restoring force on the pendulum, and we can estimate
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FIG. 4. Measured transfer functions of the torsional pen-
dulum. The points represent each measured values and the
lines are fitted lines. The blue points and lines represent the
data when the laser is off. The red points and lines represent
the data when the laser is on, while the intracavity power
is 29.7 ± 8.0 W. The fitted parameters are the resonant fre-
quency, Q value of the resonance, and overall gain factor. The
resonant frequencies and Q values are fitted with the phase
data of the measured transfer function. The overall gain fac-
tors are fitted with the gain data of the measured transfer
function.
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FIG. 5. Spring constant from the extra restoring force de-
rived from the sandwich configuration. Firstly, we measured
the restoring force of the torsional pendulum itself. The mea-
surement point with zero intracavity power corresponds to
this measurement. Then, we injected a laser beam with vari-
ous power. The results when the laser is on are represented by
the other five measurement points. The shaded region repre-
sents the estimated values that are calculated with the cavity
parameters based on Eq. (2).
the spring constant due to the optical radiation pressure
to be (2.84± 0.27)× 10−5 N/m according to Eq. (3).
We have also changed the circulating power and evalu-
ated the spring constants for each measured power value.
Figure 5 shows that every measurement point is consis-
tent with the estimated values calculated with the mea-
sured cavity parameter that is the distance between the
center of curvatures, aU. From this result, we confirmed
the extra restoring force was derived from the radiation
pressure of the resonating light.
The intracavity power is estimated by measuring the
power of the transmitted light of the Fabry-Pe´rot cavity
with a photo detector. The transmissivity of the mirror
on the torsional pendulum is 0.05± 0.01%.
The major source of uncertainty of the measured in-
tracavity power comes from the fluctuation of the intra-
cavity power when we actuate to measure the transfer
functions. We need to swing the pendulum with a larger
amplitude than the pendulum motion with no feedback
control. To reduce uncertainty in the intracavity power
estimation, it is necessary to reduce the pendulum mo-
tion by, for example, applying vibration isolation around
the resonant frequency of the pendulum. We note that
the amplitude of the swinging is identical for all measure-
ments, so the fluctuation of the intracavity power is in
proportion to the intracavity power in principal in our
case.
We repeated measuring the transfer function three
times for each intracavity power. We obtained the esti-
mated value of the resonant frequency for every measured
transfer functions. The statistical uncertainty of the res-
onant frequency was estimated and it was the dominant
source of uncertainty of the spring constant estimation.
V. CONCLUSION
We proved the stability of the sandwich configuration
in the horizontal direction. In order to measure the
restoring force on the mirror within the sandwich config-
uration, we utilized a tortional pendulum as a force sen-
sor. By observing the resonant frequency shift of the tor-
sional pendulum, we evaluated the extra restoring force
that comes from the sandwich configuration. The mea-
sured restoring force was positive and the dependence on
the intracavity power was consistent with the theoretical
prediction.
Our work gives the first experimental validation to the
transversal trapping for an optically levitated mirror of
a Fabry-Pe´rot cavity. Consequently, we showed all de-
grees of freedom can be trapped stably by optical levi-
tation. Thus, optical levitation in the sandwich config-
uration will be able to actualize. Our research is a cru-
cial step towards realizing and elucidating macroscopic
quantum systems. We have also established a method
to measure the horizontal restoring force that acts on a
levitated mirror, and this method is applicable to other
levitation configurations for evaluating their stability.
ACKNOWLEDGMENTS
We thank Kentaro Komori, Yutaro Enomoto, Ooi
Ching Pin and Satoru Takano for fruitful discussions.
This work was supported by a Grant-in-Aid for Chal-
lenging Research Exploratory Grant No. 18K18763 from
the Japan Society for the Promotion of Science (JSPS),
by JST CREST Grant No. JPMJCR1873, and by MEXT
Quantum LEAP Flagship Program (MEXT Q-LEAP)
Grant Number JPMXS0118070351. T.K. was supported
by KAKENHI Grant No. 19J21861 from the JSPS. N.K.
was supported by KAKENHI Grant No. 20J01928 from
the JSPS.
[1] A. Bassi, K. Lochan, S. Satin, T. P. Singh, and H. Ul-
bricht, Models of Wave-function Collapse, Underlying
Theories, and Experimental Tests, Rev. Mod. Phys. 85,
471 (2013), arXiv:1204.4325 [quant-ph].
[2] L. Dio´si, Models for universal reduction of macroscopic
quantum fluctuations, Phys. Rev. A 40, 1165 (1989).
[3] R. Penrose, On gravity’s role in quantum state reduction,
Gen. Rel. Grav. 28, 581 (1996).
6[4] C. Marletto and V. Vedral, Gravitationally-induced en-
tanglement between two massive particles is sufficient ev-
idence of quantum effects in gravity, Phys. Rev. Lett.
119, 240402 (2017), arXiv:1707.06036 [quant-ph].
[5] S. Bose, A. Mazumdar, G. W. Morley, H. Ulbricht,
M. Torosˇ, M. Paternostro, A. Geraci, P. Barker, M. Kim,
and G. Milburn, Spin Entanglement Witness for Quan-
tum Gravity, Phys. Rev. Lett. 119, 240401 (2017),
arXiv:1707.06050 [quant-ph].
[6] A. Belenchia, R. M. Wald, F. Giacomini, E. Castro-Ruiz,
v. Brukner, and M. Aspelmeyer, Quantum Superposi-
tion of Massive Objects and the Quantization of Grav-
ity, Phys. Rev. D 98, 126009 (2018), arXiv:1807.07015
[quant-ph].
[7] D. Carney, P. C. E. Stamp, and J. M. Taylor, Tabletop
experiments for quantum gravity: a user’s manual, Clas-
sical and Quantum Gravity 36, 034001 (2019).
[8] M. Christodoulou and C. Rovelli, On the possibility of
laboratory evidence for quantum superposition of geome-
tries, Phys. Lett. B 792, 64 (2019), arXiv:1808.05842 [gr-
qc].
[9] V. Vedral, Decoherence of massive superpositions in-
duced by coupling to a quantized gravitational field,
(2020), arXiv:2005.14596 [quant-ph].
[10] J. Chan, T. M. Alegre, A. H. Safavi-Naeini, J. T.
Hill, A. Krause, S. Gro¨blacher, M. Aspelmeyer, and
O. Painter, Laser cooling of a nanomechanical oscillator
into its quantum ground state, Nature 478, 89 (2011).
[11] J. Teufel, T. Donner, D. Li, J. Harlow, M. Allman, K. Ci-
cak, A. Sirois, J. D. Whittaker, K. Lehnert, and R. W.
Simmonds, Sideband cooling of micromechanical motion
to the quantum ground state, Nature 475, 359 (2011).
[12] R. Peterson, T. Purdy, N. Kampel, R. Andrews, P.-
L. Yu, K. Lehnert, and C. Regal, Laser cooling of a
micromechanical membrane to the quantum backaction
limit, Phys. Rev. Lett. 116, 063601 (2016).
[13] A. Pontin, M. Bonaldi, A. Borrielli, L. Marconi,
F. Marino, G. Pandraud, G. Prodi, P. Sarro, E. Serra,
and F. Marin, Quantum nondemolition measurement
of optical field fluctuations by optomechanical interac-
tion, Phys. Rev. A 97, 033833 (2018), arXiv:1611.00917
[quant-ph].
[14] N. Matsumoto, M. Sugawara, S. Suzuki, N. Abe, K. Ko-
mori, Y. Michimura, Y. Aso, S. B. Catao-Lopez, and
K. Edamatsu, Demonstration of displacement sensing
of a mg-scale pendulum for mm- and mg- scale grav-
ity measurements, Phys. Rev. Lett. 122, 071101 (2019),
arXiv:1809.05081 [quant-ph].
[15] K. Komori, Y. Enomoto, C. P. Ooi, Y. Miyazaki,
N. Matsumoto, V. Sudhir, Y. Michimura, and M. Ando,
Attonewton-meter torque sensing with a macroscopic
optomechanical torsion pendulum, Phys. Rev. A 101,
011802 (2020), arXiv:1907.13139 [quant-ph].
[16] C. Mow-Lowry, A. Mullavey, S. Gossler, M. Gray, and
D. McClelland, Cooling of a Gram-Scale Cantilever Flex-
ure to 70 mK with a Servo-Modified Optical Spring,
Phys. Rev. Lett. 100, 010801 (2008).
[17] T. Corbitt, C. Wipf, T. Bodiya, D. Ottaway, D. Sigg,
N. Smith, S. Whitcomb, and N. Mavalvala, Optical di-
lution and feedback cooling of a gram-scale oscillator to
6.9 mk, Phys. Rev. Lett. 99, 160801 (2007).
[18] B. Abbott et al. (LIGO Scientific), Observation of a
kilogram-scale oscillator near its quantum ground state,
New J. Phys. 11, 073032 (2009).
[19] H. Yu et al., Quantum correlations between the
light and kilogram-mass mirrors of LIGO, (2020),
arXiv:2002.01519 [quant-ph].
[20] Y. Michimura and K. Komori, Quantum sensing with
milligram scale optomechanical systems, Eur. Phys. J. D
74, 126 (2020), arXiv:2003.13906 [quant-ph].
[21] A. Ashkin and J. M. Dziedzic, Optical levitation by ra-
diation pressure, Applied Physics Letters 19, 283 (1971),
https://doi.org/10.1063/1.1653919.
[22] D. G. Grier, A revolution in optical manipulation, Nature
424, 810 (2003).
[23] D. E. Chang, C. A. Regal, S. B. Papp, D. J.
Wilson, J. Ye, O. Painter, H. J. Kimble, and
P. Zoller, Cavity opto-mechanics using an op-
tically levitated nanosphere, Proceedings of the
National Academy of Sciences 107, 1005 (2010),
https://www.pnas.org/content/107/3/1005.full.pdf.
[24] T. Li, Millikelvin cooling of an optically trapped micro-
sphere in vacuum, in Fundamental Tests of Physics with
Optically Trapped Microspheres (Springer, 2013) pp. 81–
110.
[25] F. Tebbenjohanns, M. Frimmer, V. Jain, D. Windey,
and L. Novotny, Motional Sideband Asymmetry of
a Nanoparticle Optically Levitated in Free Space,
Phys. Rev. Lett. 124, 013603 (2020), arXiv:1908.05079
[physics.optics].
[26] U. Delic´, M. Reisenbauer, K. Dare, D. Grass,
V. Vuletic´, N. Kiesel, and M. Aspelmeyer, Cool-
ing of a levitated nanoparticle to the motional
quantum ground state, Science 367, 892 (2020),
https://science.sciencemag.org/content/367/6480/892.full.pdf.
[27] S. Singh, G. A. Phelps, D. S. Goldbaum, E. M. Wright,
and P. Meystre, All-optical optomechanics: An optical
spring mirror, Phys. Rev. Lett. 105, 213602 (2010).
[28] G. Guccione, M. Hosseini, S. Adlong, M. T. Johnsson,
J. Hope, B. C. Buchler, and P. K. Lam, Scattering-free
optical levitation of a cavity mirror, Phys. Rev. Lett. 111,
183001 (2013).
[29] Y. Michimura, Y. Kuwahara, T. Ushiba, N. Matsumoto,
and M. Ando, Optical levitation of a mirror for reach-
ing the standard quantum limit, Opt. Express 25, 13799
(2017), arXiv:1612.07127 [quant-ph].
[30] T. Corbitt, Y. Chen, E. Innerhofer, H. Mller-Ebhardt,
D. Ottaway, H. Rehbein, D. Sigg, S. Whitcomb, C. Wipf,
and N. Mavalvala, An all-optical trap for a gram-scale
mirror, Phys. Rev. Lett. 98, 150802 (2007), arXiv:quant-
ph/0612188.
[31] H. Rehbein, H. Muller-Ebhardt, K. Somiya, S. L. Danil-
ishin, R. Schnabel, K. Danzmann, and Y. Chen, Double
optical spring enhancement for gravitational wave detec-
tors, Phys. Rev. D 78, 062003 (2008), arXiv:0805.3096
[gr-qc].
[32] J. A. Sidles and D. Sigg, Optical torques in suspended
Fabry–Perot interferometers, Phys. Lett. A 354, 167
(2006).
[33] N. Matsumoto, Y. Michimura, Y. Aso, and K. Tsubono,
Optically trapped mirror for reaching the standard quan-
tum limit, Opt. Express 22, 12915 (2014).
[34] Y. Enomoto, K. Nagano, M. Nakano, A. Furusawa, and
S. Kawamura, Observation of reduction of radiation-
pressure-induced rotational anti-spring effect on a 23 mg
mirror in a Fabry–Perot cavity, Class. Quant. Grav. 33,
145002 (2016).
[35] K. Nagano, Y. Enomoto, M. Nakano, A. Furusawa, and
7S. Kawamura, Mitigation of radiation-pressure-induced
angular instability of a Fabry–Perot cavity consisting of
suspended mirrors, Phys. Lett. A 380, 3871 (2016).
[36] R. Drever, J. L. Hall, F. Kowalski, J. Hough, G. Ford,
A. Munley, and H. Ward, Laser phase and frequency sta-
bilization using an optical resonator, Applied Physics B
31, 97 (1983).
